Abstract：This paper proposes and analyzes recycling of optical phonons emitted by nonradiative decay, which is a major thermal management concern for high-power light emitting diodes (LED), by introducing an integrated, heterogeneous barrier cooling layer. The cooling is proportional to the number of phonons absorbed per electron overcoming the potential barrier, while the multi-phonon absorption rate is inversely proportional to this number. We address the theoretical treatment of photon-electron-phonon interaction/transport kinetics for optimal number of phonons (i.e., barrier height). We consider a GaN/InGaN LED with a metal/AlGaAs/GaAs/metal potential barrier and discuss the energy conversion rates. We find that significant amount of heat can be recycled by the barrier transition cooling layer.
Introduction
LED lighting currently has up to 35%
plug-in-efficiency (3-fold larger than incandescent lighting) 1) , however its concentrated heat loss requires elaborate heat sinks 2) . In incandescent lamp the heat loss is due to the nonvisibile photon emission, and this radiation is spread over the large surface area of the lamp 3) . However, in
LEDs the loss is through phonon emission (by nonradiative decay and other processes) which is transported through the solid structure (chip and its substrate) 4) . Moreover, the current LED thermal-damage threshold is about 100 ℃, thus making its thermal management challenging 1) .
Heterogenous thermionic cooling is ballistic transport of nonequilibrium electrons over a potential barrier created by a heterogenous layer at the LED chip level.
Theoretical Analysis
We address various energy conversion and We only consider the optical phonon absorption, because this is found to be an order of magnitude larger than acoustic phonon absorption rate 18) (which is extremely low multiphonon absorption due to relatively low energies). The radiative transition rate    in LED is linearly dependent on the carrier concentration and is simply given by 19 )
where     is the radiative decay constant and   is the carrier concentration. Note that we use units of s   for transition rates.
The dominant nonradiative decays are the Shockley-Read-Hall (SHR) and Auger recombination.
The SHR recombination is due direct multiphonon decay at the defect sites, while the Auger recombination is due to transfer of energy to a conduction electron followed by a multiphonon decay. These nonradiative recombination are commonly presented with simple expressions (e.g., for GaN 19) ). The total nonradiative transition rate      depend on the carrier concentration (SHR is given as a constant coefficient, while the Auger has a quadratic dependence) as
where   and   are the Shockly-Read_Hall and Auger recombination coefficients respectively. Here, in order to predict the performance of the integrated BTCL/LED system, we take various properties from a sample LED found in ref 19 ).
We assume temperature independence of the properties since we expect that the BTCL will limit any significant temperature increase. Also, all the temperature dependance is taken care of by the distribution function when we calculate the rates of the processes. Table 1 Various transition rates (   ) for sample LED and BTCL using properties found in ref. 
where   is the number of absorbed phonons. The variation of the multiphonon transition rate with respect to   is shown in Fig. 3 along with the LED total transition rate    . Fig. 3 Variation of multiphonon transition rate with respect to the number of phonons absorbed.
Discussion
From the results, the multiphonon transition rate becomes the bottle neck process at     for We now calculate the performance of LED with a BTCL by using the transition rates under constant current assumption. When the BTCL is added to the LED, the barrier acts as an extra resistance and has an adverse effect on the current which produces extra phonons (Joule heating). This adverse effect will reduce the total radiative transition rate by the second term given below
where   is the electron energy over the conduction bandedge at the bottom of the barrier potential and results in an additional nonradiative emission given by the second term below
here we take   as  to ensure a constant current up to the barrier bottleneck (i.e.,    ).
The energy conversion rate is given by                 where  is the volume. We define the overall quantum efficiency as This recycles up to 30% of heat (phonon) generated by the nonradiative decay reducing required heat removal load in operating LED (then requiring a smaller heat sink).
Conclusions
Note that the above calculations are for the cooling rate      based on the equilibrium phonon population at T = 323 K. However, when phonon transport path short (as is here) and for materials (such as GaN and InN) containing significant mass miss match (between cations and anions), the multiphonon transition rate is influenced by nonequilibrium optical phonons due to long lifetime of optical phonon modes. Such nonequilibrium contribution also encountered and discussed in other photonic systems 15) , but is rather difficult to quantify the LED system.
